An approach based on the total-species accumulation curve and higher taxon richness to estimate realistic upper limits in regional species richness by Bevilacqua, Stanislao et al.
Ecology and Evolution. 2018;8:405–415.	 	 	 | 	405www.ecolevol.org
 
Received:	29	August	2017  |  Revised:	21	September	2017  |  Accepted:	8	October	2017
DOI:	10.1002/ece3.3570
O R I G I N A L  R E S E A R C H
An approach based on the total- species accumulation curve 
and higher taxon richness to estimate realistic upper limits in 
regional species richness






























of	 rarity	of	 species.	We	propose	a	new	 framework	allowing	 the	T–S	curve	 to	 limit	
overestimation	and	give	an	application	to	a	large	dataset	of	marine	mollusks	spanning	
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Mao,	&	Chang,	 2004;	Gotelli	&	Colwell,	 2001).	 In	most	 cases,	 con-
ventional	accumulation	curves	overcome	this	issue	by	assuming	sub-
stantial	 homogeneity	within	 the	 investigated	 area.	 However,	 if	 this	







variations in β-	diversity	 (sensu	Anderson	et	al.,	2011)	constrains	 the	
application	of	classic	species	accumulation	curves	to	very	 local	con-
texts	and	may	 lead	to	underestimated	species	richness	extrapolated	





in	 species-	abundance	 distribution	 (Gwinn,	 Allen,	 Bonvechio,	 Hoyer,	
&	Beesley,	2016)	and	mainly	structured	 to	provide	 lower	bound	es-
timates	 of	 species	 richness	 at	 local	 scale	 (Gotelli	 &	 Colwell,	 2001;	
Shen,	Chao,	&	Lin,	2003).	Same	considerations	apply	when	estimates	
are	obtained	by	fitting	asymptotic	models	(e.g.,	negative	exponential	
or	 Michaelis–Menten	 functions;	 reviewed	 by	 Tjørve,	 2003)	 to	 the	












cies	 richness	at	a	 regional	 scale	 in	which	an	overall	 semi-	log	model,	

















Understanding	 whether	 accumulation	 curves	 give	 realistic	 esti-
mates	of	species	richness	is	difficult,	if	not	impossible,	in	the	absence	
of	 reliable	boundaries.	Alternative	 thresholds,	 to	 serve	as	 reference,	














T–S	 curves	 and,	 using	 known	 total	 family	 richness	 as	 reference,	 to	
demonstrate	that	the	progressive	inclusion	of	such	factors	in	the	un-
derlying	accumulation	model	may	 lead	to	 realistic	estimates	of	 fam-
ily	richness.	The	aim	is	to	reveal	some	properties	of	the	T–S	curve	in	




2  | MATERIALS AND METHODS
2.1 | Study area and dataset
The	study	area	is	located	along	the	south	Adriatic	coast	of	Apulia	(SE	





whereas	 the	 four	 remaining	 subareas	 (S3–S7)	 extended	over	2	km2. 
Each	subarea	from	S1	to	S4	accounted	for	two	habitats,	namely	rocky	
reefs	 and	 Posidonia oceanica	 seagrass	 beds,	 whereas	 subareas	 5–7	
were	 characterized	 only	 by	 coralligenous	 outcrops	 (see	 Fig.	 S1,	 see	















We	 checked	 that	 spatial	 (i.e.,	 among	 subareas	 and	 habitats)	
 variations in β-	diversity	were	 not	 confounded	 by	 temporal	 changes	
in β-	diversity,	 in	order	 to	 legitimate	 the	use	of	 samples	 from	differ-
ent	years	as	a	whole	set	of	data	to	build	species-	accumulation	curves.	
Tests	 on	multivariate	 dispersion	 (PERMDISP,	Anderson,	 2006)	were	
carried	 out	 separately	 for	 each	 habitat	 in	 each	 subarea,	 to	 exclude	
substantial	effects	of	time	in	modifying	spatial	patterns	of	β-	diversity	
in	the	whole	sampled	area	(see	Table	S3).
2.2 | Maximum number of families in the area















2.3 | Quantifying β- diversity within the study area
As	 a	 preliminary	 step,	 PERMDISP	was	 employed	 to	 check	whether	
heterogeneity	in	composition	of	mollusk	assemblages	at	species	and	
family	 level	 actually	 varied	among	 subareas	and	habitats	within	 the	




















where N = A/a,	that	is,	the	number	of	samples	required	to	cover	the	
whole	area	of	interest,	given	the	area	of	the	sample	a,	and	the	total	
area A.














2.5 | Selecting appropriate spatial units to build 
accumulation curves
The	 T–S	 curve	 accounts	 for	 spatial	 heterogeneity	 among	 spatial	
units	 within	 the	 total	 area	 of	 interest,	 which	 are	 assumed	 to	 be	
homogeneous.	 However,	 partitioning	 the	 total	 area	 into	 spatial	
units	not	aligned	with	actual	patterns	of	spatial	heterogeneity	may	
influence	the	slope	coefficient	 (β̂S)	of	the	T–S	curve	(O’Dea	et	al.,	




and	Appendix	 S5).	 Each	 dataset	 corresponded	 to	 one	 hypotheti-
cal	 region	 consisting	 of	 four	 spatial	 units,	with	 three	 subunits	 in	
each	spatial	unit.	For	each	region,	consider	that	each	subunit	had	a	
total	surface	equal	to	100	samples	of	size	1.	A	total	of	250	species	




gions	 (datasets)	 each	of	 them	with	a	 total	 area	of	1,200	 samples	
(1)̂STot=μ̂S+β̂S ( lnN)
(2)̂FTot=μ̂F+β̂F ( lnN)
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and	a	total	species	richness	of	250	species,	with	different	patterns	




sampling	 of	 the	 hypothetical	 region.	 For	 each	 simulated	 dataset,	
the	T–S	curve	was	obtained	based	on	(a)	the	four	spatial	units	and	
(b)	 the	 12	 spatial	 units	×	subunits	 (i.e.,	 taking	 into	 account	 both	
heterogeneity	 among	 spatial	 units	 and	 subunits),	 and	 estimates	
of	 species	 richness	 from	 the	 two	 approaches	 were	 compared.	
Considering	spatial	units	as	homogeneous,	when	they	actually	are	
not,	might	 lead	 to	 estimate	 a	 higher	 number	 of	 species,	with	 re-
spect	 to	T–S	 curves	 built	 taking	 into	 account	 true	 heterogeneity	
within	spatial	units	(see	Appendix	S1).
Analogously	 to	 simulated	 data,	 in	 our	 real	 case	 study	 where	
changes	 in	 species	 composition	 and/or	 small-	scale	 heterogeneity	
(i.e.,	 variations	 in	 β-	diversity)	 among	 habitats	 within	 subareas	 and	
among	 subareas	 are	 relevant,	 each	 habitat	 in	 each	 subarea,	 rather	




and	using	 the	maximum	number	of	 families	 as	 reference.	As	 a	 first	
step	 (Figure	1),	we	built	 the	T–F	curve	using	subareas	 (as	 identified	
in	Fig.	S1,	see	also	Table	S1	for	further	details)	as	spatial	units,	com-
pletely	ignoring	variation	in	β-	diversity	within	subareas	due	to	habitat	









a	 total	of	11	subarea	×	habitat	units	 (Table	S1).	Family	 richness	was	
estimated	following	Equation	2,	but	the	T–F	curve	was	built	based	on	
accumulation	 curves	 obtained	 using	 100	 random	draws	 of	 samples	
for	each	combination	of	1,	2,…,	10,	11	subarea	×	habitat	units	(A and 
a	as	above).
2.6 | Reducing sampling- biased small- 
scale patchiness
Heterogeneity	 in	 species	 composition	 among	 samples	 could	 be	
strongly	 affected	 by	 sample	 grain,	 especially	 when	 individuals	 or	
species	 are	 spatially	 aggregated	 or	 segregated	 (due	 for	 instance	 to	
small-	scale	 environmental	 variations	 or	 biological	 interactions),	 and	
in	 relation	 to	 the	 extent	 to	 which	 samples	 are	 representative	 of	
local	species	assemblages.	This,	in	turn,	may	influence	the	estimates	
of	 species	 richness	 from	accumulation	 curves	 because	of	 its	 effect	
on	 patchiness	 (Chazdon	 et	al.,	 1998).	We	 used	 a	 procedure	 based	
on	 random	 aggregations	 to	 identify	 the	 number	 of	 original	 smaller	




at least n = 3	 original	 replicate	 samples	 (Appendix	 S2).	 Therefore,	
the	 three	 replicates	 in	each	 station	were	 summed	obtaining	a	 total	
of	72	aggregated	samples,	and	used	to	build	the	T–F	curve,	in	order	
to	 check	whether	 sample	pooling	would	have	 reduced	overestima-












































samples.	However,	 if	 this	might	be	 true	 for	 rare	 families,	 the	 same	
could	not	occur	for	common	and	 intermediate	ones,	and	the	 linear	
extrapolation	 could	 overestimate	 total	 family	 richness	 because	 it	





cumulation	curves	would	achieve	 saturation	 in	 routine	biodiversity	
surveys,	as	the	present	study	(see	Results).	In	this	view,	three	accu-
mulation	curves	can	be	obtained	by	considering	common,	 interme-












Analysis	 of	 simulated	 data	 demonstrated	 that	 the	 additive	
model	 in	Equation	4	led	to	improve	estimates	from	the	T–S	curve	




















mon	and	 intermediate	 species	 in	 the	area	of	 interest,	whereas	 ̂SRare
Tot
 








areas	 and	habitats	 (Table	1),	 indicating	 that	 neither	 the	whole	 sam-





data	 based	on	 subareas	 (Figure	2a)	 led	 to	 estimate	 a	 total	 number	
of	 302	 families	 (̂FTot;	 Table	2),	 which	 largely	 overestimated	 (~25%)	
the	maximum	possible	number	of	242	 families	 (Figure	3).	The	esti-
mate	 from	 the	T–F	 curve	 based	 on	 the	 11	 subarea	×	habitat	 units	
(Figure	2b)	 was	 lower	 (̂FTot	=	288),	 but	 still	 exceeded	 (~19%)	 this	
threshold	 (Table	2,	 Figure	3).	 Overestimation	 still	 persisted,	 al-






















Source of variation dfn dfd
Species Families
F p (perm) F p (perm)
Subarea 6 209 5.588 .001 2.810 .030
Habitat 2 213 13.407 .001 25.414 .001









410  |     BEVILACQUA Et AL.
on	 aggregated	 samples	 (Figure	2c),	which	 led	 to	 a	 total	 number	 of	
276	 families	 (Table	2,	 Figure	3).	 Randomized	 accumulation	 curves	
showed	 that	 the	 number	 of	 common	 and	 intermediate	 families	 in	








uously	 as	 the	number	of	 considered	 samples	 increased	 (Figure	4a).	








of	any	adjustment.	 In	 this	case,	 the	estimated	total	number	of	spe-
cies	in	the	total	area	(Equation	1)	was	 ̂STot	=	945	(95%CI:	968–845).	





ing	 that	 all	 common	 (SCom
Obs
	=	67)	 and	 intermediate	 (SInterm
Obs
	=	45),	 but	
not	 rare,	 species	were	 sampled	 (Figure	4b).	The	estimated	parame-
ters	of	 the	T–S	curve	 for	 rare	species	adjusted	to	account	 for	hab-





	=	−39.28	 (R2	=	0.982),	 and	 the	 fully	 adjusted	




occurrence	 in	 samples	 from	 natural	 communities,	 thus	 potentially	
affecting	estimates	of	regional	species	richness	based	on	accumula-











maximum	 limit)	 when	 all	 the	 three	 sources	 of	 heterogeneity	 were	
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A	finer	partition	of	spatial	units	to	be	used	in	accumulation	curves,	
taking	 into	 account	 significant	 levels	 of	 heterogeneity	 among	 habi-
tats	within	subareas,	reduced	of	about	5%	the	overestimation	of	the	
maximum	 number	 of	 families.	 It	 is	 worth	 noting	 that	 accumulation	
curves	at	higher	taxonomic	levels	naturally	lie	below	the	correspond-
ing	species-	level	curves	(Gotelli	&	Colwell,	2001)	showing	less	steep	
patterns	 of	 accumulation	 (Terlizzi	 et	al.,	 2014).	 Therefore,	 relatively	











may	 largely	 increase	 at	 increasing	 heterogeneity	within	 such	 spatial	
units,	up	to	>80%	more	species,	as	our	simulated	data	has	confirmed.














peculiarity	of	 the	T–S	model	 represents	 the	strength	and	 the	weak-
ness	of	the	approach	depending	on	the	extent	to	which	the	selected	
spatial	units	 identify	actual	discontinuities	 in	patterns	of	 	β-	diversity.	
When	the	area	is	not	homogeneous,	the	nested	structure	of	the	T–S	
model	 reflects	 more	 closely	 the	 true	 rate	 of	 species	 accumulation	
within	the	area,	unlike	traditional	curves	that	completely	ignore	spa-
tial	 heterogeneity	 and	 generally	 lead	 to	 underestimate	 extrapolated	
















timate	more	species	 in	the	 latter	case	 (Chazdon	et	al.,	1998;	Gotelli	
&	Colwell,	2011).	When	individuals	are	spatially	aggregated,	or	spe-
cies	distribution	at	 local	scale	is	nonrandom,	sample	grain	could	de-









(2) Heterogeneity among 
subareas and habitats
(3) Heterogeneity among 
subareas and habitats, and 
small- scale patchiness
(4) Heterogeneity among 
subareas and habitats, 
small- scale patchiness, and 
rarity
Spatial	units 7	subareas 11	subarea	×	habitat	units 11	subarea	×	habitat	units 11	subarea	×	habitat	units
Number	of	samples 216 216 72 72
Slope	coefficient	(β̂F) 17.62 16.45 18.03 9.47
Intercept	(μ̂F) −8.25 −2.48 8.32 −11.38















NA NA NA 14
Estimated	total	family	richness	
(̂FTot)
302	(329,	270) 288	(322,	266) 276	(299,	257) 183	(193,	146)
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(Gotelli	 &	 Colwell,	 2011).	 In	 these	 contexts,	 and	 especially	 if	 fine	
sample	 grains	 (such	 as	 a	 1-	m2	 plots	 or	 smaller)	 are	 used,	 a	 portion	
of	α-	diversity	could	be	erroneously	ascribed	to	the	β	component	of	
diversity	(Crist	&	Veech,	2006),	with	a	consequent	overestimation	of	




study	 (epigean	 arthropods)	 was	 sampled	 equally	 well	 irrespective	
of	 sample	 grains.	 Unfortunately,	 attempts	 to	 quantify	 the	 effect	 of	
sample	 grain	 on	 extrapolations	 from	 accumulation	 curves	 at	 vary-
























and	 its	 estimates	 largely	biased	unless	 an	extremely	 intensive	 sam-
pling	effort	 is	carried	out.	However,	partitioning	the	contribution	of	
common,	 intermediate,	and	rare	taxa	allows	amending	the	overesti-









as	 reasonable,	 also	 because	 it	 referred	 to	 a	 highly	 speciose	 phylum	





























putatively	 present	 in	 the	 study	 area.	Although	 these	 considerations	
could	appear	rather	speculative	in	the	absence	of	reliable	information	

















best,	 they	allow	extrapolations	over	 two-	three	 times	 the	number	of	
original	samples	(e.g.,	Colwell	et	al.,	2004).	In	contrast,	fitting	a	given	
model	to	species	accumulation	allows	extrapolations	over	large	areas,	









species	 richness	nor	 the	 species-	abundance	distribution	 in	 a	 given	


















groups	of	organisms,	at	 least	over	the	genus	 level	 (Mora,	Tittensor,	
Adl,	 Simpson,	 &	Worm,	 2011),	 and	merit	 further	 investigations	 to	
understand	 its	 potential	 application	 to	 a	wide	 range	of	 estimators.	
To	date,	 the	T–S	curve	 represents	a	unique	estimator	 in	which	 the	
abovementioned	 desirable	 properties	 add	 to	 the	 peculiarity	 of	 the	
accumulation	 coefficient	 to	 intimately	 relate	 across	 the	 taxonomic	
hierarchy	up	to	family	level	(Terlizzi	et	al.,	2009,	2014).	Such	prerog-




An	 upper	 bound	 should	 be	 (1)	 greater	 than	 or	 equal	 to	 the	
true	 value,	 but	 it	 should	 be	 (2)	 lower	 than	 or	 equal	 to	 the	 max-
imum	 possible	 value	 of	 richness,	 including	 its	 confidence	 interval.	













2010),	 implying	 that	 extremely	 rare	 species	 are	 equally	 numerous	
as	 less	 rare/common	 species.	Also,	 even	 in	 presence	 of	 truly	 left-	






sient	 species	 (McGill	 et	al.,	 2007).	The	 tendency	 of	 the	T–S	 curve	
to	 exceed	 the	 true	 values	was	 also	 empirically	 showed	 in	 several	
studies	where	 the	 true	 richness	was	 actually	 known	 (Hortal	 et	al.,	











richness	 lacks	 and	 that,	 by	 exploiting	 the	 properties	 of	 the	 T–S	
curve	and	known	higher	taxon	richness,	may	lead	to	identify,	if	not	
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